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The cellular and molecular processes leading to the establishment of the skeletal muscle lineage in the vertebrate are not
well understood. The MyoD-related family of myogenic regulatory factors (MRFs) are expressed during somitogenesis
although cells with myogenic capacity are present prior to gastrulation. We propose that regulatory genes exist that guide
the skeletal muscle lineage during early development. In an effort to identify these regulatory genes, we performed a
differential screening to isolate transcripts that are present in myogenic cells and in the embryo prior to MRF expression
but absent in nonmyogenic ®broblasts. We report here the identi®cation of Pw1. The Pw1 transcript is 8.5 kb long and
encodes a large protein containing 12 widespread C2H2 zinc ®ngers and 3 motifs containing periodic prolines and acidic
residues. Consistent with the possibility that Pw1 is a transcription factor, we observe nuclear localization of the protein.
Pw1 is strongly expressed upon gastrulation and subsequently becomes restricted to skeletal muscle and subregions of the
central nervous system. Pw1 is initially expressed in all mesodermal cells early in development; however, its maintained
expression in adult differentiated muscle suggests a speci®c role in the skeletal muscle lineage. Pw1 expression is cell
cycle speci®c with levels highest during late M-phase. The gene is intronless which may facilitate transcription during
cell division. At present, the precise function of Pw1 is not understood; however, we note that Pw1 maps to the proximal
region of chromosome 7 near the axial segmentation mutant pudgy which shows severe perturbation of axial skeletal and
muscle structures. q 1996 Academic Press, Inc.
INTRODUCTION 2-derived myogenic cell line led to the identi®cation of
MyoD1 (Davis et al., 1987). To date, four related genes have
Signi®cant progress has been made in the elucidation of been characterized which share sequence similarity in a
key regulatory factors that guide the establishment and sub- region encoding a DNA binding domain (basic domain) and
sequent differentiation of skeletal muscle during vertebrate a dimerization domain (helix±loop±helix; HLH) (Lassar et
embryogenesis. Taylor and Jones ®rst observed that murine al., 1991). This family of muscle regulatory factors (MRFs;
10T1/2 ®broblasts could be phenotypically converted to sta- MyoD, myogenin, myf5, and MRF4) is expressed in precise
ble myogenic cells following brief exposure to 5-azacyti- spaciotemporal patterns during muscle development (Sas-
dine, suggesting that the myogenic lineage could be trig- soon, 1993). The MRFs are expressed in skeletal muscle
gered by activation of a single gene (Taylor and Jones, 1979). coincident or just prior to terminal differentiation with the
Subtractive hybridization between 10T1/2 cells and a 10T1/ exception of myf-5 which is expressed in the somites prior
to overt muscle formation (Ott et al., 1991; Sassoon, 1993).
These data suggest that the MRFs may exert their primary1 Current address: Intramural Research Support Program, SAIC
effect upon muscle differentiation. The role of the MRFsFrederick, NCI±Frederick Cancer Research and Development Cen-
ter, Frederick, MD 21702. during earlier stages of the muscle lineage is still not fully
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understood. For instance, MRFs are not detected in the early MATERIAL AND METHODS
mouse limb bud even though committed myogenic cells
have already migrated from the somites (Sassoon et al., Differential Screening1989; Krief et al., 1994; Wang and Sassoon, 1995). Indeed,
cells with myogenic potential are present in avian epiblast 10T1/2 ®broblasts and the P2 myogenic cell line (derived from
cells prior to gastrulation (George-Weinstein et al., 1996). 10T1/2 cells; kind gift of H. Weintraub and A. Lassar) were grown
in DMEM supplemented with 15% fetal calf serum and 100 ng/mlThis raises the possibility that the myogenic lineage is es-
of bFGF and 100 ng/ml of TGFb for 5 days. Under these conditions,tablished prior to the onset of overt MRF expression (Sas-
differentiation of the muscle cell line is blocked and no steady-soon, 1993). It is therefore possible that genes underlying
state levels of myf5, myogenin, or MyoD mRNAs could be detectedmuscle commitment are expressed very early in develop-
by Northern analysis (data not shown; see Higashijima et al., 1992).
ment (prior to somitogenesis) and may not be restricted to Total RNA was extracted using the RNAzol method (TelTest Inc.,
skeletal muscle throughout development. Friendswood, TX). [a-32P]cDNA was synthesized from polyadenyl-
We have used a differential screening approach in order ated mRNA and puri®ed using oligo(dT) columns. These probes
to identify genes that are expressed in the skeletal muscle were used to hybridize a cDNA library made from 9.25 to 10 days
p.c. mouse limb buds. The library was made from 600 dissectedlineage prior to the expression of the MRFs. To this end,
limbs from C3H embryos obtained from timed pregnancieswe have taken advantage of the observation that myogenic
(Charles River Labs). Limbs were harvested and kept frozen untilcell lines can be repressed to differentiate in the presence
a suf®cient quantity was obtained for RNA extraction. Total RNAof growth factors such as basic ®broblastic growth factor
was extracted and poly(A)/ RNA was puri®ed from which a plasmid(bFGF) or transforming growth factor b (TGFb). Myoblasts library (pCII) was constructed by Clonetech. We estimate that
grown under these conditions also fail to accumulate tran- 30% of the library was represented in our screenings. Colonies
scripts for the MRFs (Vaidya et al., 1989). We propose that containing cDNAs that were represented preferentially in the myo-
myoblasts under these conditions may resemble the situa- blasts and absent or low in the ®broblasts were chosen. Clones
were then subjected to restriction analysis to eliminate duplicates.tion in the early mouse limb bud (9±10 days p.c.) which we
Six cDNAs were isolated by this strategy. Clones were then ana-and others have demonstrated to contain myogenic cells
lyzed by partial sequencing and in situ hybridization of mousewhich also do not show detectable levels of the MRFs (Sas-
embryo sections from 9.5 to 15 days p.c. One clone, which wesoon et al., 1989; Sassoon, 1993; Krief et al., 1994; Wang
called Pw1, corresponded to a partial cDNA which did not haveand Sassoon, 1995). By screening a mouse 9±10 days p.c.
overall homology with any sequence entered in the NCBI Genbank
cDNA limb bud library with probes derived from growth but contained strong homologies in the putative carboxyl-terminal
factor-treated myoblasts and differentially screening with portion of the ORF to zinc ®nger-containing genes (see below).
probes derived from similarly treated ®broblasts, we have
identi®ed a novel murine gene, Pw1, encoding a large pro-
tein containing 12 widely spaced zinc ®ngers and several Southern Blot Analysis
unique structural motifs. These motifs include a region con-
sisting of alternating Glu and Arg residues (30 amino acids) Genomic DNA was prepared from mouse spleens (SV/129 strain)
using standard protocols (Herrmann and Frischauf, 1987). Genomicand two regions containing prolines and acidic residues in
DNA was digested with BamHI, XbaI, and EcoRI and separated on5- to 7-amino-acid repeats of about 100 residues in length.
a 1% agarose gel. DNA was transferred to Hybond-N/ membranePw1 maps to mouse chromosome 7 near the mutation
following the manufacturer's procedures (Hybond, Amersham) andpudgy (pu) which shows a severe perturbation in somite
hybridization was performed at 427C in 50% formamide, 0.5% SDS,formation consistent with high Pw1 expression in presomi-
20 mM Pipes, 0.8 M NaCl, and 20 mg/ml of denatured and sheared
tic and somitic mesoderm. The genomic organization of salmon sperm DNA. Filters were washed in 0.11 SSC, 0.1% SDS
Pw1 reveals a single large exon (no introns). Pw1 levels are at 657C for 1 hr and exposed to Kodak XAR ®lm with intensifying
highest during mitosis in a cell cycle-dependent manner. screens at 0807C overnight. The [a-32P]dCTP probe was generated
We suggest that the unique intronless structure of Pw1 may by random priming of an 890-bp cDNA fragment corresponding to
Pw1 cDNA (see below).be required for the cell cycle-speci®c expression. Although
the pattern of Pw1 expression is complex, skeletal muscle
is the only lineage that shows a high and maintained expres-
sion throughout development including presomitic meso- Screening of cDNA and Genomic Libraries
derm. Thus, Pw1 may play a critical role in the skeletal
An 890-bp-long Pw1 cDNA clone was obtained in our initialmuscle lineage. In contrast, the pattern of expression in the
screening. We could not obtain larger inserts from the mouse limbCNS is more complex. It is initially down-regulated in the
cDNA library. The corresponding murine gene was isolated by suc-neural ectoderm and subsequently expressed in the ¯oor
cessive screening of an 11.5-day p.c. l ZAP II library and an SV/
plate and cells of the spinal cord and brain. Thus, the main- 129 genomic library using the original insert as a probe. The hybrid-
tained expression of Pw1 in both the CNS and skeletal mus- ization conditions were the same as for the Southern blotting analy-
cle suggests a role in the differentiated state as well as devel- sis. The fragments from the isolated phages were cloned in pBlue-
script (Stratagene, La Jolla, CA).opment.
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were prepared and absorbed onto glutathione agarose beads (Phar-RT-PCR
macia). The glutathione transferase±Pw1 (GST-Pw1) fusion protein
Total RNA was isolated from adult mouse brain using the RNA- was eluted according to manufacturer speci®cations. The eluted
zol method (TelTest Inc.). First-strand cDNAs were synthesized protein was puri®ed on a 7.5% acrylamide gel. Polyclonal antibod-
using random hexamers as primers with M-MLV reverse tran- ies were raised in rabbits by subcutaneous injection of 500 mg fusion
scriptase (Boehringer-Mannheim). PCR was performed using Taq protein (HRP, Inc. antisera system). Subsequent boosts were per-
(Thermus aquaticus) polymerase (Perkin±Elmer) on this pool of formed at 4-week intervals with 125 mg of protein. Antibodies
cDNA, under varying optimized conditions of MgCl2 (1.0±3.0 mM) against the fusion protein were obtained in two different rabbits
under the following conditions: 5 min of denaturation at 957C, 32 (HM370 and HM371). Both antisera were puri®ed on DEAE Af®-
cycles of denaturation (1 min, 957C), annealing (1 min, 557C), and Gel (Bio-Rad) following manufacturer speci®cations.
extension (2 min, 727C). For each PCR, we used control RNA that
had not been reacted with reverse transcriptase. The different prim-
ers used were (see Fig. 3) I, DG180, 5*-GCCATTGTGAGGAAT- Immunohistochemistry and Cell Culture
CAG-3*, RG50, 5*-GTCTGGCTTCCACGTAG-3*; II, DG520,
C2C12 were grown in DMEM supplemented with 15% fetal bo-5*-AAACACTCTGTATGTCTG-3*, RG1500, 5*-GCTGAGTAGC-
vine serum (Sigma) and differentiated in DMEM supplementedACAGAACA-3*; III, DG700, 5*-CTCTCTATACCAGTCTCC-3*,
with 2% horse serum. Cells were grown on glass coverslips andRG2300; IV, DG2450, 5*-GCACTGTACACGCTATGC-3*, RG2-
®xed in 4% paraformaldehyde±PBS. Fixed cells were washed in480, 5*-TGAATTGGATTCTGAGGC-3*; V, DG2490, 5*-CTCAG-
PBS with 0.1% Triton X-100 (PBST) and incubated overnight at 47CAATCCAATTCAGG-3*, RG2000, 5*-TTCCCTTAGTTTAAT-
with HM370 or HM371 IgG diluted 1/10 in PBST with 5% goatCAC-3* ; VI, DG1690, 5*-TGGAGTCTCTCAAAGAAG-3*,
serum (PBSTG). Following extensive washes, coverslips were incu-RG2600, 5*-ACTCGTCCTCACAGATCC-3*; VII, DG2600, 5*-
bated with Texas Red-conjugated donkey anti-rabbit Ig (1/200 inGGATCTGTGAGGACGAGT-3*, RC80, 5*-TGCACGTAGACG-
PBSTG) (Jackson ImmunoResearch Laboratories). Coverslips wereATCACG-3*.
mounted with glycerol onto glass microscope slides and viewed
with a Leitz DMR microscope on the Leica TCS 4D confocal
system.Sequencing, Computer Sequence Analysis, and
Comparisons
The pBluescript cDNA or genomic inserts were sequenced by In Situ Hybridization
the dideoxy chain termination method using Sequenase Version 2.0
In situ hybridization was performed as previously described (Sas-(U.S. Biochemical Corp.) and the T3, T7, or custom oligonucleotide
soon and Rosenthal, 1993). The probe used comprised the C-termi-primers. Nucleotide sequences were analyzed using the Mac Vector
nus of the protein (274 residues, 826 nt) and the 170 nt of 3*UTR.program (Scienti®c Imaging Systems, New Haven, CT) and se-
This 996-bp fragment was cloned into the HindIII/SalI sites ofquence comparisons were performed using the NCBI Genbank algo-
pBluescript (Stratagene). To generate the antisense probe, the plas-rithms (Altschul et al., 1990).
mid was linearized with HindIII and transcribed from the T7 pro-
moter. The sense control transcript was synthesized from the T3
promoter after linearization with SalI. In no case did we observeNorthern Blot Analysis
any signal with the sense control (data not shown). The ®nal probe
Total RNA was isolated from different tissues using the RNAzol concentration was adjusted to 75 1 103 dpm/ml in hybridization
(TelTest Inc.) method. RNA samples (5±20 mg) were separated by buffer. The slides were exposed between 3 and 7 days.
electrophoresis on a denaturing 1.2% agarose/1.2% formaldehyde
gel. Uniform loading of the gels was monitored by ethidium bro-
Interspeci®c Mouse Backcross Mappingmide staining of ribosomal RNA bands. RNA was transferred to a
Nytran membrane (Schlecter & Schuell, Keene, NH) and baked for
Interspeci®c backcross progeny were generated by mating2 hr under vacuum at 807C. The original 890-bp fragment consisting
(C57BL/6J 1 Mus spretus) F1 females and C57BL/6J males as de-of the second proline repeat and the last two zinc ®ngers was used
scribed (Copeland and Jenkins, 1991). A total of 205 N2 mice wereas a DNA probe. Hybridization with [a-32P]dCTP probes was per-
used to map the Pw1 locus (see text for details). DNA isolation,formed at 427C in 51 SSPE, 51 Denhardt's solution, 50% for-
restriction enzyme digestion, agarose gel electrophoresis, Southernmamide, 0.1% SDS, 20 mg/ml salmon sperm DNA. Filters were
blot transfer, and hybridization were performed essentially as de-washed in 0.21 SSC, 0.1% SDS at 557C for 30 min and exposed to
scribed (Jenkins et al., 1982). All blots were prepared with Hybond-Kodak XAR ®lm with intensifying screens at 0807C for 1 week.
N/ nylon membrane (Amersham). The probe, an 920-bp BstX1Transcript size was determined using 28S and 18S ribosomal bands
fragment of mouse cDNA, was labeled with [a-32P]dCTP using aas standards.
nick translation labeling kit (Boehringer-Mannheim); washing was
done to a ®nal stringency of 0.11 SSCP, 0.1% SDS, 657C. A frag-
ment of 1.8 kb was detected in HincII-digested C57BL/6J DNA andProduction of Pw1 Antibodies
a fragment of 2.7 kb was detected in HincII-digested M. spretus
DNA. The presence or absence of the 2.7-kb HincII M. spretus-The C-terminus portion of Pw1 cDNA (residues 1180±1379) was
subcloned into the pGEX expression vector (Pharmacia). Overnight speci®c fragment was followed in backcross mice.
A description of the probes and RFLPs for the loci linked to Pw1cultures of the recombinant pGEX plasmid were diluted 1/10 and
grown for 2 hr at 377C. IPTG (0.1 mM) was added and cells were including transforming growth factor, beta 1 (Tgfb1) and glucose
phosphate isomerase-1 (Gpi1) has been reported previously (Avra-allowed to grow an additional 4 hr. Cells were pelletted and lysates
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ham et al., 1992). Recombination distances were calculated as de- tained a cDNA insert of 890 bp, whereas our Northern anal-
scribed (Green, 1981) using the computer program SPRETUS MAD- ysis reveals a single transcript size that is 8.5 kb (Fig.
NESS. Gene order was determined by minimizing the number of 1A). We identi®ed three overlapping clones from screening
recombination events required to explain the allele distribution a cDNA library from 11-day p.c. mouse embryos (Fig. 1B).
patterns. Sequencing and size comparison with the predicted size of
the mRNA indicated we had not obtained the complete
cDNA sequence. We therefore screened a mouse genomicRESULTS library and isolated two overlapping clones of approxi-
mately 15 kb each (Fig. 1D). Several surprising observations
Identi®cation of Pw1, a Gene That Encodes a Zinc were made from the sequencing of these clones. First, the
Finger-Containing Protein, by Differential largest (3.6 kb, Fig. 1B) cDNA sequence that we had ob-
Screening tained was present in a single exon. Second, additional up-
stream sequencing revealed that a single 4.2-kb open read-We used a differential screening approach to isolate fac-
tors that precede MRF expression and that may play a role ing frame could be identi®ed, encoding a putative protein
of 1379 residues with a predicted MW of 175 kDa whichin the muscle lineage. We surveyed a number of 10T1/2-
derived myogenic cells and characterized them for their re- does not contain introns. Using RT-PCR, we con®rmed that
the mRNA sequence for Pw1 was contained within a singlesponse to bFGF and TGFb. One line (P2) showed a complete
block of differentiation and undetectable levels of the MRFs large exon (Figs. 1C±1E). Thus, the Pw1 gene represents
the largest intronless gene identi®ed to date. Results fromin the presence of TGFb and bFGF. Upon removal of growth
factors, MRF expression resumes and the cells are capable Southern analysis con®rm that we had cloned the bona ®de
Pw1 locus and not a pseudogene (Fig. 1F). Regardless of theof differentiation (data not shown). The 9- to 10-day p.c.
mouse limb bud contains myogenic cells that do not express function of the lack of introns, this fortuitous situation
allowed us to rapidly sequence full-length Pw1 directly fromdetectable levels of the MRFs but will precociously initiate
MRF expression and muscle differentiation when placed the genomic clones (Fig. 2).
into cell culture (Sassoon et al., 1989; Wang and Sassoon,
1995). We hypothesized that growth factor-treated P2 cells
could serve as an in vitro model for the processes occurring Pw1 Has a Multidomain Structure
in the limb bud myogenic cells that do not express detect-
able levels of the MRFs between 9 and 10 days p.c. Radiola- The Pw1 gene contains an ORF of 4137 bp with a Kozak
consensus start (Kozak, 1987) and a polyadenylation signalbeled cDNA probes prepared from poly(A)/ RNA isolated
from growth factor-inhibited myoblasts were hybridized to located upstream of the poly(A) tail. The 3*UTR is small
(160 bp), whereas the 5*UTR is long (at least 3900 bp,a 9.5-day p.c. limb bud library constructed for this purpose.
To eliminate growth factor-induced genes from our screen- from RT-PCR, Figs. 1C±1E). Pw1 encodes 12 zinc ®ngers
organized into three clusters (Figs. 2A and 2B). These zincing, we treated 10T1/2 cells with the same concentration
of growth factors and prepared radiolabeled cDNA probes ®ngers are KruÈ ppel-like CX2CX3FX5LX2HX3H (Fig. 2C)
which have been implicated in DNA binding and transcrip-to hybridize to ®lters in parallel. Only clones represented
in the myoblast cDNA pool but absent in the 10T1/2 cDNA tional regulation (Bellefroid et al., 1991; El-Baradi and
Pieler, 1991; Choo and Klug, 1994). The spacing betweenpool were selected as candidates for further study. Partial
sequencing and comparison with the NCBI Genbank re- each zinc ®nger is larger than that found in other zinc ®nger
proteins (30- to 40-amino-acid residue instead of 6±8) butvealed that one 890-bp clone (Pw1) contained putative metal
binding zinc ®ngers at the carboxyl portion of the largest shows conservation in the immediate proximity of the zinc
®nger core sequence (Fig. 2C). At position 5, most of theORF although no overall homology was seen with any pre-
viously reported sequence. Pw1 zinc ®ngers contain a Glu residue instead of the basic
residue (H/K) found in most zinc ®nger sequences. BetweenNorthern blot hybridization analysis was carried out to
determine the pattern of expression of Pw1 in adult tissues, zinc ®ngers 3 and 4 there is a motif composed of 30 alternat-
ing Glu and Arg residues (underlined in Fig. 2A; ``RER''midgestation embryos, and several muscle cell lines. Total
RNA was hybridized with the cDNA fragment recovered motif). The Chou and Fasman secondary structure predic-
tion algorithm indicates that this repeat will form an a-from the differential screening (Fig. 1B). A single transcript
of 8.5 kb is detected in the mouse embryo, skeletal mus- helix with alternating charges facing a single side of the
helix. This domain may therefore participate in coiled±cle, and brain (Fig. 1A). Since skeletal muscle tissue prepara-
tions contain ®broblasts and undifferentiated myoblasts, we coiled protein interactions. We also observe a motif of 10
residue repeats located between zinc ®ngers 5 and 6 with aassayed several myogenic and ®broblastic cell lines. As ex-
pected from our cloning strategy, a strong signal is observed consensus sequence of PHDDEPHGQE (Pro-His repeat, Fig.
2D). A related cluster of proline-acidic repeats is also foundin P2 and C2C12 myogenic cells but not in 10T1/2 ®bro-
blasts (Fig. 1A). between zinc ®ngers 10 and 11. This motif is composed of
14 repeats with a consensus sequence of PEXEAEE (Pro re-The Pw1 clone recovered from the limb bud library con-
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FIG. 1. Pw1 expression and genomic analysis. (A) Pw1 expression in the embryo, adult tissues, and cells lines. Total RNA (10 mg) from
10-day p.c. embryos and adult tissues were tested. A single band of8.5 kb is detected in the embryo, brain, and skeletal muscle. Following
short exposures, a strong signal is detected in the embryo and skeletal muscle (shown here), whereas a clearly detectable signal is observed
in the brain following longer exposures (not shown). Skeletal muscle tissue gives a very strong a diffuse band. The difference in band
integrity may re¯ect stability of the Pw1 message in skeletal muscle tissue compared to cell lines. In contrast, the myogenic cell lines
C2C12 and P2 give rise to a distinct band. The ®broblast cell line 10T1/2 does not show detectable levels of Pw1. Arrows point to the
signal obtained for actin (b-actin) to control for loading. Top arrow corresponds to cytoskeletal actin and lower arrow corresponds to
sarcomeric actin. B, brain; H, heart; K, kidney; M, skeletal muscle; U, uterus; 10T, 10T1/2; C2, C2C12. (B) The longest cDNA obtained
from an embryonic cDNA library is 3.6 kb and is shown in relationship to its genomic position. (C) Physical map of the genomic locus
of Pw1. The unique exon encoding the mRNA is boxed. The solid (black) box indicates the conceptual open reading frame (ORF). The
RT-PCR and genomic PCR were performed in the regions indicated as thin lines numbered I through VII. (D) Genomic clones isolated
span both sides of the Pw1 gene (indicated as Phages A and B). Abbreviations: E, EcoRI; A, ApaI; Xb, XbaI; B, BamHI; K, KpnI; HIII,
HindIII; RV, EcoRV. (E) RT-PCR and genomic PCR analysis of Pw1 products I±VII (see B) in brain and genomic phages, showing that both
genomic and RT-PCR amplicons are identical in size. We conclude that Pw1 is intronless. For each set of primers shown, we used the
genomic clone phage DNA (l), reverse-transcribed brain RNA (/), and brain RNA that was not reversed transcribed as a control for
genomic contamination (0). (F) Southern blot analysis. Genomic DNA (10 mg) has been digested with BamHI (B), XbaI (Xb), and EcoRI
(RI) and probed with the original Pw1 cDNA fragment. A single band is detected for each digestion, indicating the presence of a single
Pw1 locus. Arrows indicate the different sizes.
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peat, Fig. 2E). No stable secondary structure is predicted for adulthood (Figs. 4I and 4J) indicating a complex regulation of
Pw1 in cardiac tissue including an atrial-speci®c regulation.these repeats due to the high frequency of prolines.
Pw1 Expression in the Central Nervous SystemPw1 Is Expressed in Mesoderm and Becomes
(CNS)Restricted to Skeletal Muscle during Development
By 8 days p.c., we see a marked decrease in Pw1 expres-
Pw1 can ®rst be detected by in situ hybridization upon
sion in the neural plate (neuroectoderm) (Figs. 5A and 5B).
gastrulation in the ectoderm and underlying mesoderm
By this stage, Pw1 is expressed in the notochord and sur-
(data not shown). Strong expression of Pw1 is also detected
rounding mesenchyme. At 9.5 days p.c., Pw1 expression is
in extraembryonic tissues (Figs. 3A and 3B). By 8 days
restricted to the ventral midline and neural folds of the
p.c., expression is strong in all mesoderm and ectoderm.
neural tube (Figs. 5E and 5F). In contrast, we note that Pw1
However, a marked decline in signal intensity is seen in
expression is more widespread in the cephalic neural tube
the neuroectoderm and the precardiac mesoderm (Figs. 3A
(Figs. 5C and 5D). By 13 days p.c., Pw1 is expressed in the
and 3B and 5A and 5B). By 8 to 9.5 days p.c., high expres-
ventral neural tube (Figs. 5G and 5H). In the developing
sion is observed in all mesoderm except the heart which
brain, Pw1 expression becomes restricted to the ventral part
shows very low levels which fall below the level of detec-
of the mesencephalon (Figs. 5I and 5J), and in Rathke's
tion by 13 days p.c. (Figs. 3E and 3F and see below). Be-
pouch (Figs. 5I and 5J) that gives rise to the pituitary (Figs.
tween 9 and 10 days p.c., expression is very strong in the
5K and 5L). In the adult brain (Fig. 5M) the Pw1 transcript
somites (Figs. 3G and 3H), including the sclerotome that
is found in neuronal tissues, but its expression is weak in
gives rise to the cartilage and bone and the myotome that
the olfactory bulbs and cerebellum. Strong labeling is found
gives rise to skeletal muscle. Strong signals for Pw1 are
in choroid plexus, the hypothalamic area, and pituitary.
detected in skeletal muscle throughout development and
adulthood (Fig. 1A and Figs 4A±4D). Pw1 levels gradually
decline in all other mesodermal derivatives upon differen- Pw1 Expression Is Cell Cycle Speci®c and
tiation. By 16 days p.c., Pw1 expression is still detected Localized to the Nucleus
in the intercostal muscles, whereas the ribs show very
To follow Pw1 transcription during the myoblast to myo-low to undetectable levels (data not shown). Pw1 is also
tube transition, we analyzed C2C12 myoblasts and myo-strongly expressed in the developing limb buds and cranio-
tubes by Northern and in situ hybridization (Figs. 1 and 6).facial processes (Figs. 3C and 3D). Pw1 is expressed in the
We observe that only a subset of myoblasts are labeled fordeveloping bone (growth plate) although transcripts are
Pw1. In an asynchronous culture of C2C12 myoblasts,not detected in differentiated bone (Figs. 4A±4D).
about 15% of the cells are labeled and almost all labeled
cells appear to be in ®nal stages of mitosis with a morphol-
ogy characteristic of anaphase or telophase (see Fig. 6). Myo-Pw1 Expression in the Heart
tubes also show a punctate distribution of labeling (see Fig.
6). Whether these correspond to newly incorporated myo-The heart is the ®rst mesodermal derivative to down-
regulate Pw1 expression. By 8 days p.c., the precardiac nuclei remains to be determined. We generated a GST fu-
sion protein containing the C-terminus portion of Pw1 (aamesoderm shows a decline in signal intensity, and by 10
days p.c. levels are no longer detectable (Figs. 4E and 4F). 1156±1379) which consists of the Pro repeat domain and
zinc ®ngers 11 and 12. Using this fusion protein, we gener-This stage corresponds to the onset of terminal differentia-
tion and sarcomeric gene expression (Lyons et al., 1990). ated polyclonal antibodies (HM370 and HM371). Puri®ed
IgG from these antisera was used for immunohistochemis-Later in development, we see that the atria expresses Pw1
(Figs. 4G and 4H) and this expression is maintained through try on cultured C2C12 cells that express Pw1 mRNA (Fig.
FIG. 2. (A) Predicted translation product of Pw1. Composite nucleotide sequence is derived from overlapping cDNAs and genomic
sequences. On the right, the amino acid residues are numbered. The 5* terminus of the longest cDNA is indicated by the solid arrow.
The 12 zinc ®nger motifs are boxed and numbered with Roman numerals. Within each zinc ®nger the consensus Cys, Phe, and His
residues are indicated in bold. The RER domain (aa 279±306) is underlined. The Pro-His domain (aa 748±874) and Pro repeat domain (aa
1181±1292) are indicated in bold. The stop codon is indicated by an asterisk. The Genbank accession number for the full nucleotide
sequence is U48804. (B) Domain map of Pw1. Twelve zinc ®ngers are numbered and represented as solid black boxes. The three additional
domains are also indicated (see text). (C) Alignment of the 12 Pw1 zinc ®nger motifs. The consensus sequence deduced from this alignment
is indicated (css). The canonical C, F, L, and H residues are indicated in bold. The other conserved residues are boxed. (D) Alignment of
the peptide repeats within the Pro-His domain. The Pro and His residues are boxed and the acidic residues are indicated in bold. (E)
Alignment of the peptide repeats within the Pro-repeat domains. Pro residues are boxed and acidic residues are in bold.
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FIG. 3. Pw1 is widely expressed during development. Bright (A) and dark®eld (B) photomicrographs of a transverse section through an
8-day p.c. mouse embryo hybridized with a probe corresponding to Pw1. Strong labeling is observed in extraembryonic tissues [chorion
(ch), amnion (a), and the ectoplacental cone (ec)]. In the embryo, the levels of Pw1 are strong; however, a marked decrease in signal is
seen in the neuroectoderm (ne). Bright (C) and dark®eld (D) photomicrographs of a horizontal section trough a 9.5-day p.c. embryo
hybridized with a probe corresponding to Pw1. Pw1 is strongly expressed in all mesoderms and mesenchymes. Labeling in the neural tube
(nt) is restricted to the ¯oor plate (fp). Abbreviations: ba, branchial arch; br, brain; g, gut; ¯, forelimb; hl, hindlimb. Bright (E) and dark®eld
(F) photomicrographs of a parasagittal section through a 13-day p.c. embryo hybridized with a probe corresponding to Pw1. No labeling
is detected in the heart (h), while strong labeling is observed in the rest of the mesoderm. Note that the CNS shows no labeling.
Abbreviations: nt, neural tube; sg, spinal ganglia; h, heart; np, neural pore; s, somite. Bright (G) and dark®eld (H) photomicrographs of a
parasagittal section through a 10-day p.c. embryo hybridized with a probe corresponding to Pw1. Strong labeling is observed in the somites,
with highest levels in the sclerotome (sc) and myotome (m). Labeling of the dermamyotome (d) is weaker.
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6E). The immunostaining is restricted to the nucleus of
C2C12 cells. The variegated nuclear localization detected
for Pw1 has been observed with transcription factors (Ma-
theny et al., 1994; Larson et al., 1995) and splicing factors
(Zamore and Green, 1991). Moreover, the intensity of the
staining is heterogeneous and some nuclei are negative (Fig.
6E), consistent with the observation that Pw1 transcript
levels are regulated during cell cycle.
Chromosomal Mapping of the Mouse Pw1 Gene
The mouse chromosomal location of Pw1 was deter-
mined by interspeci®c backcross analysis using progeny de-
rived from matings of [(C57BL/6J1M. spretus) F11 C57BL/
6J] mice. This interspeci®c backcross mapping panel has
been typed for over 2100 loci that are well distributed
among all the autosomes as well as the X chromosome
(Copeland and Jenkins, 1991). C57BL/6J and M. spretus
DNAs were digested with several enzymes and analyzed by
Southern blot hybridization for informative RFLPs using a
mouse cDNA Pw1 probe. The 2.7-kb HincII M. spretus
RFLP (see Materials and Methods) was used to follow the
segregation of the Pw1 locus in backcross mice. The map-
ping results indicated that Pw1 is located in the proximal
region of mouse chromosome 7 linked to Tgfb1 and Gpi1.
Although 176 mice were analyzed for every marker and are
shown in the segregation analysis (Fig. 7), up to 179 mice
were typed for some pairs of markers. Each locus was ana-
lyzed in pairwise combinations for recombination frequen-
cies using the additional data. The ratios of the total number
of mice exhibiting recombinant chromosomes to the total
number of mice analyzed for each pair of loci and the most
likely gene order are centromere±Pw1±3/179±Tgfb1±8/
178±Gpi1. The recombination frequencies [expressed as ge-
netic distances in centiMorgans (cM) { the standard error]
are Pw1±1.7 { 1.0±Tgfb1±4.5 { 1.6. The proximal region
of mouse chromosome 7 shares a region of homology with
human chromosome 19q13. This suggests that the human









DISCUSSIONFIG. 4. Pw1 expression is maintained in differentiated skeletal
muscle and atria. Bright (A) and dark®eld (B) photomicrographs
of a cross section through the hindlimb of a 16-day p.c. embryo Pw1 Encodes an Unusual Multidomain Nuclear
hybridized with a probe corresponding to Pw1. Pw1 is clearly de- Protein
tected in muscle (m) and in the bone growth plate (gp), while it is
The zinc ®nger motif is a DNA binding domain presentonly weakly detected in the osteoblasts (os). Bright (C) and dark®eld
(B) photomicrographs of a cross section through an adult hindlimb in a large number of genes in the eukaryotic genome (Berg,
hybridized with a probe corresponding to Pw1. Strong labeling for 1990). A subgroup of zinc ®nger proteins, the C2H2 family,
Pw1 is detected in the adult muscle (m), whereas no labeling is is characterized by repeated motifs in which two cysteine
observed in the bone (b). Bright (E) and dark®eld (F) photomicro-
graphs of parasagittal section through a 10-day p.c. embryo heart
hybridized for Pw1. Pw1 expression is restricted to the pericardium
(pe). Abbreviations: A, atrium; V, ventricle. Bright (G) and dark®eld
(H) photomicrographs of a horizontal section through the heart of photomicrographs of a horizontal section of an adult heart hybrid-
a 16-day p.c. embryo. At this stage, levels of Pw1 are only weakly ized for Pw1. Pw1 is detected in the atria (A) and pericardium (pe)
detected in the atrium (labeled as A). Bright (I) and dark®eld (J) but is not detected in the adult ventricle (V).
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and two histidine residues bind one zinc ion to form a ®n-
ger-like structure. Transcription factors with the C2H2 zinc
®nger motif are exempli®ed by the Drosophila KruÈ ppel pro-
tein (Rosenberg et al., 1986) and have been implicated in
regulating gene expression in a wide range of organisms.
The zinc ®nger motif is usually found in clusters of variable
size. Crystal structure (Fairall et al., 1993) and mutagenesis
experiments (Nardelli et al., 1991) have shown that each
zinc ®nger recognizes speci®c and small DNA sites (2±3
bp). Thus, several zinc ®ngers are required for speci®c DNA
binding. To date, several zinc ®nger-containing genes have
been implicated in regulation of the myogenic lineage. The
ZT3 zinc ®nger-containing factor has been recently reported
to be induced when 10T1/2 ®broblasts are converted to the
myogenic lineage by transfection with MRF-4 (Polimeni et
al., 1996). The mfg3 (ZFP60) zinc ®nger protein is also ex-
pressed in brain and muscle and up-regulated during myo-
genic differentiation (Passananti et al., 1989).
The zinc ®nger motif is present in numerous DNA bind-
ing proteins; however, zinc ®nger-containing genes remain
poorly classi®ed according to their primary structure. We
observe that the 12 C2H2 KruÈ ppel-like zinc ®ngers encoded
by Pw1 are organized into three clusters. To evaluate quali-
tatively the Pw1 zinc ®ngers, we systematically compared
FIG. 5. Pw1 expression in the developing CNS and adult brain.
Bright (A) and dark®eld (B) photomicrographs of a transverse section
of an 8-day p.c. embryo hybridized with a probe corresponding to
Pw1. The neural plate (np) does not express Pw1, whereas the meso-
derm underlying the neural plate including the notochord (nc)
shows detectable levels. Bright (C) and dark®eld (D) photomicro-
graphs of a transverse section of a 9.5-day p.c. embryo hybridized
with a probe corresponding to Pw1. The level of section is at the
head region (presumptive midbrain). Strong labeling is observed in
the ventral and intermediate cephalic neural tube (arrows mark the
expression boundaries). Bright (E) and dark®eld (F) photomicro-
graphs of a transverse section of a 9.5-day p.c. embryo hybridized
with a probe corresponding to Pw1. The level of section is in the
neural tube prior to closure (below the level of the emerging fore-
limb). In contrast to the cephalic CNS, Pw1 expression is restricted
to the ¯oor plate (fp) and the neural folds (nf). Bright (G) and dark-
®eld (H) photomicrographs of a transverse section of a 13.5-day p.c.
embryo hybridized with a probe corresponding to Pw1. Expression
of Pw1 in the neural tube is restricted to the ventral midline, ¯oor
plate (fp), and roof plate (rf) as well as the surrounding ectoderm
(ec). Bright (I) and dark®eld (J) photomicrographs of a parasagittal
section of a 13.5-day p.c. embryo hybridized with a probe corre-
sponding to Pw1. Strong labeling is observed in the forming
Rathke's pouch (rp) and underlying mesoderm. Bright (K) and dark-
®eld (L) photomicrographs of a parasagittal section at the level of
the pituitary (pi) of a 16-day p.c. embryo hybridized with a probe
corresponding to Pw1. The entire pituitary shows strong expression
of Pw1. (M) Dark®eld photomicrograph of a parasagittal section
through an adult mouse brain hybridized for Pw1. Strong labeling









choroid plexus (cp). Low levels are noted in the cerebellum (ce) and
olfactory bulb (ob).
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FIG. 6. Pw1 expression is cell cycle speci®c and localized to the nucleus. Bright (A) and dark®eld (B) photomicrographs of C2C12
myoblasts hybridized with a probe corresponding to Pw1. Under high serum conditions, cells are present in all phases of the cell cycle
including mitosis. Arrows indicate cells that are in late mitosis (anaphase to telophase). These cells show very high levels of Pw1 compared
to other cells in the same ®eld. Bright (C) and dark®eld (D) photomicrographs of C2C12 newly formed myotubes hybridized with a probe
corresponding to Pw1. Labeling is concentrated around the nuclei and appears present in almost all cells. Arrow indicates a myotube. (E)
Photomicrograph of myoblasts processed for immuno¯uorescent localization of Pw1 using anti-Pw1 antisera. Mouse C2C12 myoblast
cells were grown on glass coverslips and viewed with a Leitz confocal imaging system. We note that not all cells are strongly labeled
consistent with the observation that Pw1 mRNA accumulates in a cell cycle-dependent manner. The large arrow indicates strong labeling
of late-telophase cells, whereas the small arrow indicates a cell that is not labeled.
its zinc ®nger sequences with characterized zinc ®nger pro- tor corepressors that interact with hormone receptor±DNA
binding factors to repress basal transcription (Chen and Ev-teins in the Genbank. Although all 12 zinc ®ngers conform
to a consensus CX2CX3FX8HX3H sequence (with the excep- ans, 1995; HoÈ rlein et al., 1995). The contribution of this
domain to SMRT and NCo-R function is unknown. We notetion of zinc ®ngers 9 and 10, see Fig. 2), we note that se-
quence comparison analysis of the Pw1 zinc ®ngers reveals that the homology of the RER domain in Pw1 with the
RER domain present in SMRT and NCo-R is very high. Ourthat the zinc ®ngers within a single cluster are more closely
related than those outside of a cluster. This suggests that structural analysis of the RER domain, using the Chou and
Fasman secondary structure prediction algorithm (ChouPw1 may have at least three distinct DNA binding sites.
The distance between each zinc ®nger is unusually large and Fasman, 1978), indicates that this domain can form an
alternating charged a-helix and is thus likely to be impli-compared to other zinc ®nger genes. We report here that
Pw1 protein is localized to the nucleus, supporting the no- cated in protein±protein interaction. Preliminary data using
a yeast two-hybrid assay reveal that Pw1 can homodimerizetion that it functions as a transcription factor. Recent stud-
ies show that Zn-15, which also contains widely spaced with very high af®nity, consistent with this prediction (Re-
laix, unpublished data).zinc ®ngers, can bind speci®cally to the growth hormone
(GH) promoter and involve interaction of Zn-15 with Pit-1 Two additional proline-rich domains are present in Pw1
which are distinguished by periodic repeats of prolines every(Lipkin et al., 1993). Thus, the presence of widely spaced
zinc ®ngers may indicate the requirement for protein±pro- ®ve or seven residues. The motifs are highly acidic and
hydrophobic. Some homology with these domains is seentein interactions which confer speci®c binding properties.
The numerous structurally distinct motifs in Pw1 may par- in two recently identi®ed genes. The ®rst is the REST/NRSF
gene which contains a proline-acidic repeat motif (10 re-ticipate in such protein±protein interactions.
In addition to the presence of dispersed zinc ®nger do- peats, consensus MEVVQXEPV/AQXELXPP) as well as zinc
®ngers. The REST/NRSF protein inhibits the transcriptionmains, Pw1 has several domains or motifs recognizable
from the primary sequence. Near the N-terminal of Pw1, of numerous neuron-speci®c genes and has been proposed
to inhibit the default neuronal pathway in nonneural cellswe have identi®ed a domain which contains an arginine-
rich sequence designated RER. A closely related RER-like during early development (Chong et al., 1995; Schoenherr
and Anderson, 1995). The developmental patterns of Pw1domain is present in two recently identi®ed nuclear recep-
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Pw1 Is Intronless and Cell Cycle Speci®c
Comparisons of Pw1 mRNA and the genomic organiza-
tion of Pw1 reveals that the gene does not contain introns
and as such represents the largest intronless gene identi®ed
to date. The presence of introns has been demonstrated to
confer ef®cient transcription (Palmer and Logsdon, 1991).
In addition, it has been proposed that introns may re¯ect a
strategy to shuf¯e protein domains during evolution (Ma-
theny et al., 1994). However, the fact that Pw1 transcripts
are abundant and the protein contains distinct domains
would seem to contradict these hypotheses. The presence
of large or numerous introns has been shown to pose a
transcriptional barrier during transcription in early Dro-
sophila development. For instance, Knirps (kni) and the
knirps-related gene (knrl) differ in regard to the size of their
transcription units. kni consists of a transcription unit of 1
kb, whereas knrl contains 19 kb of intron sequences. The
consequence of this difference in intron size is that knrl
cannot substitute for kni segmentation function during
rapid cell divisions (Rothe et al., 1992). Thus, the length of
the mitotic cycle provides a physiological barrier to tran-
script size and may be a factor in controlling gene activityFIG. 7. Pw1 maps in the proximal region of mouse chromosome 7.
during early embryogenesis. It has been previously observedPw1 was placed on mouse chromosome 7 by interspeci®c backcross
that most transcription is aborted during M-phase in mam-analysis. The segregation patterns of Pw1 and ¯anking genes in
malian cells (Shermoen and O'Farrell, 1991). Pw1, similar176 backcross animals that were typed for all loci are shown at the
to kni, is expressed in rapidly dividing cells in the embryotop. For individual pairs of loci, more than 176 animals were typed
(see text). Each column represents the chromosome identi®ed in (Rothe et al., 1992, and our data). We observe that Pw1
the backcross progeny that was inherited from the (C57BL/6J 1 M. mRNA accumulates in a cell-speci®c manner at late mito-
spretus) F1 parent. The shaded boxes represent the presence of a sis, either by difference in the stability of Pw1 mRNA or
C57BL/6J allele and white boxes represent the presence of a M. by activation of Pw1 transcription. This telophase-speci®c
spretus allele. The number of offspring inheriting each type of chro- accumulation of Pw1 transcripts raises the possibility that
mosome is listed at the bottom of each column. A partial chromo- the transcript size is critical for an immediate postmitotic
some 7 linkage map showing the location of Pw1 in relation to
availability of the protein.linked genes is shown at the bottom. Recombination distances
between loci in centiMorgans are shown to the left of the chromo-
some and the positions of loci in human chromosomes, where
Myogenic Lineage Determination May Involve aknown, are shown to the right. References for the human map
Gradual Restriction of Myogenic Potential in thepositions of loci cited in this study can be obtained from GDB
Embryo(Genome Database), a computerized database of human linkage
information maintained by The William H. Welch Medical Library
Although a role for Pw1 remains to be determined, it isof The Johns Hopkins University (Baltimore, MD).
of interest that unlike the myogenic factors (MRFs), which
show a muscle-restricted distribution throughout develop-
ment, Pw1 precedes MRF expression and subsequently be-
comes restricted to skeletal muscle. It has been recentlyand REST expression (Chong et al., 1995) are similar, indi-
cating that Pw1 may also play a similar role in the regula- demonstrated that myogenic potential is present in embry-
onic epiblast prior to somitogenesis as demonstrated intion of speci®c embryonic cell lineages. p57Kip2, which is
related to the Cdk inhibitor, p21Cip2 (Lee et al., 1995; Matsu- avian embryos (George-Weinstein et al., 1996). This obser-
vation indicates that well before MRF accumulation begins,oka et al., 1995), also contains proline-acidic repeats (10
repeats, consensus EPVEEQXX). Similar to p21Cip2, p57KIP2 key regulators of the myogenic lineage are active in many
cells. Thus, myogenic lineage determination may resultblocks the cell cycle when forced±expressed (Lee et al.,
1995; Matsuoka et al., 1995). p57Kip2 is also expressed at from a gradual restriction in lineage potential of mesoder-
mal cells instead of an event which involves a single molec-high levels in the brain and skeletal muscle (Matsuoka et
al., 1995). Thus far, no speci®c function for the proline re- ular determinant or master switch. A similar model of lin-
eage determination has been proposed for the CNS in whichpeats in either REST or p57KIP2 has been described. Taken
together, these homologies implicate these domains in both cells are actively repressed from acquiring a neuronal phe-
notype (Green, 1994).cell cycle and the regulation of lineage determination.
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Choo, Y., and Klug, A. (1994). Towards a code for the interactionsWe have compared our interspeci®c map of chromosome
of zinc ®ngers with DNA: Selection of randomized ®ngers dis-7 with a composite mouse linkage map that reports the map
played on phage. Proc. Natl. Acad. Sci. USA 91, 11163±11167.location of many uncloned mouse mutations (provided from
Chou, P. Y., and Fasman, G. D. (1978). Prediction of the secondaryMouse Genome Database, a computerized database main-
structure of proteins from their amino acid sequence. Adv. Enzy-tained at The Jackson Laboratory, Bar Harbor, ME). Pw1
mol. 47, 45±148.
maps in a region of the composite map that contains a Copeland, N. G., and Jenkins, N. A. (1991). Development and appli-
mouse mutation with a phenotype that might be expected cations of a molecular genetic linkage map of the mouse genome.
for an alteration in this locus (data not shown). This reces- Trends Genet. 7, 113±118.
sive mutation is pu. Mice homozygous for pu display short- Davis, R. L., Weintraub, H., and Lassar, A. B. (1987). Expression of
ened tails and a shortened trunk region, as well as irregular a single transfected cDNA converts ®broblasts to myoblasts. Cell
51, 987±1000.ribs, sternum, and axial musculature (GruÈ neberg, 1961).
El-Baradi, T., and Pieler, T. (1991). Zinc ®nger proteins: What weThe axial abnormalities arise from defective segmentation
know and what we would like to know. Mech. Dev. 35, 155±during somitogenesis (summarized in Green, 1989). The ex-
169.pression patterns of Pw1 make it an attractive candidate for
Fairall, L., Schwabe, J. W. R., Chapman, L., Finch, J. T., and Rhodes,the pudgy mutation as we note high levels of Pw1 in the
D. (1993). The crystal structure of a two zinc ®nger peptidesdeveloping somites; however, additional studies are re-
reveals an extension to the rules for zinc-®nger/DNA recogni-
quired to determine whether the Pw1 locus is actually al- tion. Nature 366, 483±487.
tered in pu mice. Given the multidomain structure of Pw1, George-Weinstein, M., Gerhart, J., Reed, R., Flynn, J., Callihan, B.,
and the complex pattern of expression during development, Mattiacci, M., Miehle, C., Foti, G., Lash, J. W., and Weintraub,
we anticipate that Pw1 participates in several regulatory H. (1996). Skeletal myogenesis: The preferred pathway of chick
pathways which converge to establish the skeletal muscle embryo epiblast cells in vivo. Dev. Biol. 173, 279±291.
Green, E. L. (1981). ``Linkage, Recombination and Mapping.'' Ox-lineage.
ford Univ. Press, New York.
Green, J. B. A. (1994). Roads to neuralness: Embryonic neural induc-
tion as derepression of a default state. Cell 77, 317±320.ACKNOWLEDGMENTS
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